The purpose objective of this study is to examine numerically the effects of surface roughness on laminar water flow behavior in a three-dimensional microchannels with sinusoidal surface roughness. The considered geometry is a rectangular channel of length L=152.4 mm, width a=12.7 mm, and height b varying from 100 µm to 750 µm. The surface roughness is one of the problems in micro-channels, as it increases the friction at the wall for this reasona simulation model was established using the commercial CFD software. The results indicate that a very good agreement between classical theory and the numerical model for smooth channels, but the results concerning the influence of roughness show that roughness have a marked effect at the microscale flow field.
INTRODUCTION
Microscale phenomena is very important for designing efficient microdevices and to explore the fundamental physical mechanisms of fluid flow and heat transfer in micro-channels, which leads to the study of many effects, including the size effect, surface roughness, viscous effect, effect of electrostatic force, axial thermal conduction in the channel wall, surface geometry, measurement errors, etc. [1] . A microscale encounters an obstacle on fluid behavior in microchannels as compared to conventional sized channels. Actually, as mentioned in the abstract section, it will be rather easy to follow these rules as long as you just replace the "content" here without modifying the "form".
Given the importance and complexity of micrometric phenomena, a lot of work has been done in this field to characterize the pressure drop of water flows in smooth and rough microchannels.
At the smooth microchannels, the macroscopic models of the fluids Mechanics are always valid in the smooth microconduits which is proved by most studies, such us: Li [1] ; Flockhart [2] ; Yang [3] ; Gao [4] ;Baviè re [5] ; Srivastava [6] ; Brackbil [7] ; Dharaiya [8, 9] . Additionally, we also performed a two-dimensional numerical study on the hydrodynamic behavior of the water flowing through a smooth rectangular microchannel from 0.1 mm to 1 mm in height Charef-Khodja [10] . The Reynolds numbers were between 50 and 10000. The simulation was carried out using the Fluent CFD which is based on the Finite Volume Method. The simulation results obtained are in good agreement with the experimental results obtained by Gao [4] and with the conventional theory.
At the rough microchannels, research on the effect of roughness in the smallest conduct has a strong interest in recent years. According to Baviè re [5] , the roughness is potentially interesting for industrial applications to intensify heat exchange. It is therefore important to understand the effect of roughness on a micro-flow and to characterize its influence on pressure drops. Among the works published were done to describe the rough microchannels, for example Li [2] have experimentally studied the laminar flow with deionized water flowing in rough microtubes of stainless steel. The Reynolds number ranged from 20 to 2400 and the hydraulic diameter is from 373 to 1570 μm. The relative roughness is 2.4 %, 1.4 %, 0.95 %. The friction factors agree well with the conventional theory prediction for a relative roughness less than 1.5%, and increases as the surface relative roughness increases.
Baviè re [5] performed experimental study to characterize the friction on water flow in rough micro-channels of rectangular section. The heights explored are 296 μm, 196 μm, and 96 μm. It found that the Poiseuille number increases as the relative roughness increases.
Srivastava [6] arrived at an understanding of the fundamental effects of roughness in rectangular channels in the micrometer scale. Where, they performed a threedimensional numerical simulation of laminar flow and incompressible fluid using CFD software, FLUENT. Two roughness geometries (λ=508 µm and λ=1,016 µm) with Dh ranging from 586 μm to 961 μm. They found a good agreement with published experimental results.
Brackbil [7] have experimentally examined the effects of different roughness structures (uniform roughness, sawtooth roughness) on laminar flow through rectangular microchannels of high aspect ratio. The relative roughness which varies between 1.4 % and 27.6 % with pitches varying from 503 to 2015 µm. Deionized water is used as a working fluid. They see that as the pitch of the elements increases, the experimental results deviated from the theory.
A three-dimensional numerical study of incompressible laminar fluid flow in mini-channels and microchannels was performed by Dharaiya [8, 9] to analyze the effects of structured sinusoidal roughness elements on fluid flow. The numerical simulation for two different roughness geometries (λ=150 µm and 250 µm) showed very good agreement with experiments.
A three-dimensional numerical simulation of serpentine micro-channels with designed roughness in form of obstructions placed along the channels walls was presented by Rawool [11] to study the effect of various parameters such obstruction height and geometry on the friction factor. They found that the friction factor increases with the increase in obstruction height. It is also higher for rectangular and triangular obstructions, it decreases as the obstruction geometry is changed to trapezoidal.
Croce [12] also performed three-dimensional numerical computations to study the effects of surface roughness on pressure drop in micro-channel flows in three-dimensional conical peaks distributed on the ideal smooth surfaces of a plane microchannel. The results showed a remarkable effect of roughness on pressure drop.
Ghajar et al. [13] studied experimentally the effect of roughness on the friction factor for the single-phase flow characteristics of distilled water in stainless-steel mini-and microtubes of diameters ranging from 2083 to 337 µm. The results showed that in laminar regime, the friction factor increases with increasing roughness parameter.
Liu [14] conducted an experimental study on the flow behavior in micro-channels with three different relative roughness (0.58 %, 0.82 %, 1.26 %). The experiments were performed for a range of Reynolds numbers (Re=200-2100) and the air was used as the working fluid. The results show that the friction factor increases with increasing relative surface roughness.
Kharati-Koopaee [15] performed a three-dimensional numerical simulation to characterize the pressure drop in rectangular micro-channels consisting of surfaces with structured sinusoidal roughness elements. Air and water are chosen as the working fluids. Two roughness patterns were used aligned and offset with changing parameters such as roughness height (10-100 μm), pitch (150-350 μm), and channel height (250-550 μm). The friction factor obtained is in good agreement with the theoretical approach.
Recently, Siddharth [16] analyzed numerically the fluid flow through microchannels with structured sinusoidal roughness in aligned and offset pattern at various Reynolds number ranging from 100 to 500. The validation of numerical model for friction factor is in good accord with the theoretical and the results of Koopaee and Zare [15] . The results found that offset pattern has higher pressure drop and friction factor compared to the aligned roughness pattern.
Lalegani [17] performed a two-dimensional numerical simulation to analyze the effects of roughness elements on the fluid flow in the microchannels. They have considered various types of roughness on the microchannel wall such as rectangular, trapezoidal, elliptical, triangular and complex. The values of relative roughness are from 2.5 to 15 %. The numerical results found that friction factor and pressure drop in rectangular roughness state are bigger than in other states, and triangular roughness causes the least pressure drop and friction factor than other roughness elements.
According to the literature, most studies concerning the structure roughness instead of the random roughness as this type (structured) is easy to create and model numerically. Among the authors who focused on this type of roughness we can mention Dharaiya [8, 9] , Kharati-Koopaee [15] , and Siddharth et al. [25] . So, we will also consider a structured sinusoidal roughness in a three-dimensional microchannels on the pressure drop and the friction factor. For this purpose, we will design numerically (using the Fluent commercial software; version 6.3) the geometry of the test section used in the experiments conducted by Wagner [18, 19] .
The remainder of this paper is organized as follows: Section 2 describes the geometry of this work, Section 3 introduces the equations governing the problem, Section 4 summarizes the different steps to control the numerical model, Section 5 presents results and their discussion for two parts: a validation of numerical model with experimental results from the literature, and a comparison the results presented between the smooth and rough microchannels, finally Section 6 concludes most of the results and future perspectives In this field.
DESCRIPTION OF THE PROBLEM
The geometry studied in this work is a rectangular microchannel of length L=152.4 mm, width a=12.7 mm and a height b which can be adjusted between 100 μm and 755 μm ( Figure  1 ). Two configurations have been studied: a smooth channel (Figure 1 .a) and a rough channel (Figure 1.b) . Their dimensions are those defined by the experimental data of Wagner [18, 19] .
In the case of the smooth channel all the walls (upper, lower, and lateral) are considered smooth. While, the second configuration (rough) has a sinusoidal roughness on both the bottom and the top wallsshown on Figure 2 . The other boundaries of the channel are defined as smooth walls. 
Form of roughness
The roughness takes the sinusoidal form in the x-direction and can be expressed by:
where p is the cosine power it's a positive even number for controls the slope of the peaks, λ is the roughness pitch, a roughness height h, and a is a height of the canal (Figure 2 .a).
In the Figure 
Equations governing the problem
Consider that the flow is stationary, laminar,incompressible, viscous, and without heat transfer. The fluid used for the simulations is a Newtonian liquid (water). Thus, the basic equations governing the flow are given by Yunus et al. [20] :
Friction factor in classical theory
According to Shah and London [21] , the friction factor of the laminar flow in smooth ducts can be determined by the following relation: 
For laminar flows in rectangular channels, the theoretical friction factor is predicted by Kakac [22] as defined in Eq. (7). 
The Eq. (8) was further used to define the aspect ratio as indicated below:
or, Re denotes the Reynolds number based on the hydraulic diameter of the channel.
Number of poiseuille
For fully developed laminar flow in a conventionally sized channel, the Poiseuille Number according to Shah and London [21] is determined by the following relationship:
NUMERICAL MODEL
A water flow in a micro-channel is performed numerically using Fluent (CFD; Computation Fluid Dynamics) which is based on the finite volume method. The Simple algorithm was used for pressure-velocity coupling, a second-order upwind scheme was used for the discretization of the smooth case and a first-order upwind scheme was employed for rough case. The convergence criterion for all residues is 10 -6 .
Mesh
The most critical part of the CFD process is the mesh of the model. The three-dimensional geometry (Figure1) have been realized using the gambit mesher, which uses for geometry and grid generation of the computational domain. Both configurations of the micro-channel (smooth and rough) have been meshed with a structured hexahedral grid shown in the figure below (Figure 3) . We see in Figure 1 .b, the possibility of studying symmetry, in particular with regard to rough channels for their difficulty for this, we preferred to work with moiety of the domain of study (the symmetry with respect to median plane normal to direction z) (Figure 1 . c), in order to reduce the number of mesh elements and to save computing time. But even so, to generate a single mesh it takes more than 24 hours with an Intel Core i7 processor. 
Boundary conditions
The equation system governing the problem must be accomplished by boundary conditions for its resolution. So, our boundary conditions are set as follows: At the input (velocity-inlet) the velocity distribution is supposed to be uniform and calculated from the Reynolds number varying from 20 to 1400. At the output, the pressure condition (pressure-outlet) is applied, the other boundaries of the domain are defined as solid walls.
Grid dependency
In this study, we used three grids (coarse, medium, and fine) to study mesh independence. For this, the friction factor has been considered as an important criterion to ensure that the results are independent of the mesh. We apply this analysis on both micro-channels (smooth, rough). According to Roache [23] , the relative error due to the mesh (ϵ) was estimated by the following formula.
or, er is the relative error between the two grid solutions; 1 (fine grid) et 2 (coarse grid).
Here, we took (Re=800 and = 378 µ ) for the smooth channel and (Re = 800, b = 550 µm, ε =50 µm, and λ=250 µm) for the case of the rough channel. It is observed that the friction factor changed by 1.47 % (smooth channel), 7.89 % (rough channel) from the first to the second mesh, and only by 0.37 % (smooth channel), 6.86 % (rough channel) after further refinement of the mesh (see Table 2 ). Therefore, the intermediate mesh has been chosen. Figure 4 . Validation of the present friction factor with experimental results and conventional theory for a smooth microchannel A numerical simulation of the water flow characteristics in smooth microchannels can be validated with the data of Wagner [18] and the classical theory. Friction factor is the parameter test of validation, it has been plotted as a function of Reynolds for the three studies (Figure 4 (7); with α=0.6. It can be seen that computed friction factor agreed well with those measured in the experiments and the classical theory. As well, the Table 3 shows a comparison between the present values of friction factor and the data available in literature, there is a very good agreement was observed. Figure 5 , we present a validation of present numerical study of fluid flow in rough microchannels with the experimental results and the classical theory. It can see an agreement between the three studies, there is a slight deviation and this is due to the effect of the roughness element height used in this case h=131 µm. 
RESULTS AND DISCUSSION

Validation of the numerical model
Smooth channel
). Those friction factors were calculated according to: (friction factor)numby Eq (4), (friction factor)exp by Eq. (5), and(friction factor)theoby Eq
Roughness height
Figure6shows the variation of local friction factor with horizontal position of the channel (x=30 -31.25 mm) in the rough microchannel of 755 μm height and for Re=422. Two different roughness height are considered as h1= 50 µm and h2= 131 µm. It can be observed that the local friction factor for h1= 50 µm is inferior compared to the roughness height h2= 131 µm, this means that the local friction factor depends on the roughness height. Evidently, the local friction factor increases with increasing roughness height h2= 131 µm caused by decrease of the flow passage section and creating a recirculation zone near the microchannel wall. We note well on the Figure 7 that the normalized Poiseuille number is also increases with increasing roughness height. Therefore, the increase in roughness pitch causes to a decrease in pressure drop ( 1 = 150 μm → 0.6 -60 KPa, 2 = 250 μm →0.4 -30 KPa) this is due to a decrease in the number of flow areas in the channel.
Effect of channel height on Poiseuille number
Figure11 shows the variation of Poiseuille number ( = ) with Reynolds number for different channel heights. The roughness height and the roughness pitch are given, respectively50 μm and 250 μm. The values of Poiseuille number decrease with the increase of channel height, due to increasing of the flow passage section and rough elements are inactive in this case. These results are agreeing with the conventional theory presented by Shah and London [21] . Figure 11 . Effect of channel height on Poiseuille number
CONCLUSIONS
The effect of sinusoidal surface roughness in a threedimensional rectangular microchannel on laminar liquid flow pressure drop was carried numerically using computational fluid dynamics (CFD). Three different geometries were generated, one smooth and two rough motifs by changing the roughness height (50,130 μm), roughness pitch (150,250 μm) and channel height (550,750 μm). From the results obtained, the main conclusions are as follows:
• The validity of present numerical for smooth and rough microchannels is well agreeing with conventional theory and experimental results.
• The conventional theory can be applying on the flow in smooth microchannels and rough microchannels for a roughness height 50 μm and a roughness pitch 250 µm, whatever the channel height value.
• The local friction factor increases with increasing roughness height.
• The pressure drop is smallerforhighervalue of roughness pitch.
• The values of Poiseuille number decrease with the increase of channel height, this validates with the conventional. The results of the study indicate that the wall roughness causes more impacts on the flow in microchannels than in conventional channels,this means that the problem of roughness has not been solved permanently.
One may also wonder about the effects of roughness induced in thermal behavior,this point will deal in future research. 
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